Abstract Ambient particulate matter (PM) exposure has been associated with atherosclerosis. However, research on the effect of real-world exposure to ambient PM in regulating visfatin expression in an animal model is very limited. The objective is to investigate whether Beijing ambient PM exposure could accelerate atherosclerosis in ApoE knockout (ApoE −/− ) mice by upregulating visfatin expression. Forty male ApoE −/− mice were exposed to untreated ambient air (PM group, n=20) or filtered air (FA group, n=20), 24 h/day, 7 days/week, for 2 months. During the exposure, the mass concentrations of PM 2.5 and PM 10 in the two groups were continuously monitored. Moreover, a receptor source apportionment model was applied to apportion sources of PM 2.5 . At the end of the exposure, visfatin in plasma and aorta, biomarkers of inflammation, oxidative stress and lipid metabolism in blood samples, and bronchoalveolar lavage fluid (BALF) were determined, and the plaque area of the atherosclerosis lesions was quantified. PM-exposed mice were significantly higher than FA-exposed mice in terms of plasma visfatin, OxLDL, MDA, serum TC, LDL, TNF-α as well as IL-6, TNF-α, OxLDL, and MDA in BALF, while SOD and GSH-Px activities in plasma and BALF were reduced in PMexposed mice. Pathological analysis of the aorta demonstrated that the plaque area and visfatin protein in the PM group increased significantly compared to the FA group. Our findings indicate that ambient PM exposure could accelerate atherosclerosis, which is related to visfatin upregulation, as well as the activation of inflammation and oxidative stress.
Introduction
Air pollution is a pervasive environmental health hazard that occurs over a lifetime of exposure in individuals from many industrialized societies. Early epidemiological studies have shown that increased levels of air pollutants augment cardiovascular morbidity and mortality (Hoek et al. 2001) . The first scientific statement on the association between air pollution and cardiovascular disease (CVD) was published by the American Heart Association (AHA) in 2004. Both gaseous and PM air pollutants have been found to have adverse effects on human health. PM initially appeared as the most detrimental, becoming the most investigated of pollutants with particular interest in CVD (Franchini and Mannucci 2012) . Animal studies have demonstrated that chronic exposure to inhalable fine particles contributes to atherogenesis, the underlying pathology for cardiovascular events (Sun et al. 2008 ). Although numerous cross-sectional studies have reported an association between chronic exposure to PM and the development of atherosclerosis in humans Hajat et al. 2013; Mani et al. 2013; Sun et al. 2013) , some uncertainties still remain regarding the health effect in humans, possible multiple exposure to ambient PM, and exposure misclassification.
Visfatin [also termed pre-B cell colony-enhancing factor (PBEF) or nicotinamide phosphoribosyltransferase (Nampt)] is an adipokine, and early studies have mainly focused on the Qiang Wan and Xiaobing Cui contributed equally to this work. Q. Wan : X. Cui : F. Zhou (*) : Y. Jia (*) : X. Sun : X. Zhao : Y. Chen : J. Diao : L. Zhang metabolic-associated diseases (such as diabetes and obesity) (Allen et al. 2012; Dogru et al. 2007) . With the discovery of the pro-inflammatory role of visfatin, its potential effect in inflammation has gradually attracted much attention, especially in atherosclerosis, which is closely related to both lipid metabolism and inflammation (Liu et al. 2009; Yan et al. 2010) . Enhanced visfatin content has been detected in human unstable atherosclerotic plaques (Dahl et al. 2007 ). Serum visfatin is increased in patients with carotid plaques (Zhong et al. 2008 ). Visfatin appears to be a direct contributor to vascular inflammation, a key feature of atherosclerosis (Romacho et al. 2009 ). In human endothelial cells, visfatin promotes nuclear factor-κB (NF-κB) activation, leading to the release of interleukin-6 (IL-6) and monocyte chemotactic protein-1 (MCP-1), the activation of matrix metalloproteinases (MMP-2, MMP-9), and the expression of vascular adhesion molecules (Adya et al. 2008; Adya et al. 2008; Liu et al. 2009 ). As a visfatin inhibitor, FK866 could reduce intraplaque chemokine (C-X-C motif) ligand 1 (CXCL1) production and associated neutrophil infiltration in atherosclerotic mice (Nencioni et al. 2013) . Both visfatin and PM exposure are closely related to atherosclerosis, and although it has been reported that PM exposure plays a part in the pathogenesis of atherosclerosis (Araujo et al. 2008; Sun et al. 2008) , the association between ambient PM exposure and regulating visfatin expression is largely unknown. It is important to investigate this association in order to contribute to a better understanding of the underlying biological mechanisms for PM-induced atherosclerosis.
Beijing, the capital city of China, is an international metropolis with a population of over 19 million. As in many big cities worldwide, air pollution is a major concern for city residents due to the very high population density, rapid increase in vehicular traffic, huge coal consumption during the winter heating season (November to March), and limited emissions controls. PM with an aerodynamic diameter less than 10 μm (PM 10 ) or 2.5 μm (PM 2.5 ) are the two main PM pollutants. The sources of PM 10 consist of smoke, dirt, and dust from factories, farming and roads, as well as mold, spores, and pollen. PM 2.5 is linked to toxic organic compounds, heavy metals (from smelting, processing, and others), the burning of plant material, and forest fires.
The level of PM is very low in the developed countries, and virtual impactor systems are used to deliver concentrated ambient particles (CAPs) and mimic exposure to high levels of "real-world" ambient air particles without the resuspension of artificial particles or invasive procedures. In most controlled exposure studies, subjects were exposed to different size fractions of PM of concentrated ambient air or aerosolized particles in a chamber. Changes in chemical composition of PM may alter its impact on human health. In order to simulate real-world PM exposure without changing the physicochemical property of PM, we decided to use non-concentrated realworld ambient PM in an animal whole body exposure chamber system in this study.
Although ambient PM exposure has been associated with atherosclerosis, it is still unknown whether inhalable PM accelerates the development of atherosclerosis by inducing the release of pro-inflammatory mediator visfatin leading to a local inflammatory response. The objective of this study was to investigate the association between Beijing ambient PM inhalation and visfatin expression in ApoE −/− mice. Exposure to ambient air PM Forty mice were randomly assigned into two groups. One was treated with untreated ambient air (PM group, n=20) in a chamber, and one was supplied with ambient air filtered through a high-efficiency particulate air (HEPA) filter (FA group, n=20) in the inlet valve position to remove most of the particles from the filtered airstream in another identical chamber. Exposure started at the age of 9 weeks, and 1 week was allowed for acclimation before exposure started. Mice were exposed for 24 h a day and 7 days a week for a total of 2 months from January 15 to March 15 in 2013. The two chambers were placed on the second floor of a building on the 4th Ring Road which is a major artery around the centre of Beijing, carrying 220,000 vehicles per day in eight main lanes and six auxiliary lanes (Duan et al. 2012) . A four-channel sampler (TH-16A, Wuhan, China; 16.70 L/min; 3 channels for 47 mm quartz filter and 1 channel for 47 mm Teflon filter) was used for the collection of filter-based samples for PM 2.5 . Quartz filters and Teflon filters were used respectively for organic and metal component analysis. The ambient PM 2.5 and PM 10 concentrations were measured continuously by TEOM 1405 (Thermo, USA) for comparison with the Dust Trak II Aerosol Monitor 8532 (TSI, USA) used in the PM chamber. The PM 2.5 concentrations in the two chambers were measured by the same type of equipment.
Methods

Reagents
Source apportionment
A receptor source apportionment model of chemical mass balance (US EPA CMB8.2) was used in the present study to apportion sources of PM 2.5 . This receptor model was constructed based on the hypothesis that inert tracers will keep mass balances during the transferring process between the sources and the receptor (ambient air). The details of the method were reported as previously described (Wei et al. 2010 ).
Serum lipids measurement
All mice were sacrificed after being fed on a western diet for 2 months. Mice were anesthetized by intraperitoneal injection with 10 % chloral hydrate (350 mg/kg), following eyeball extirpation to collect their blood. Serum and plasma were obtained after centrifugation of the collected blood samples at 4,000 rpm for 10 min and were stored at −80°C until analysis. Serum concentrations of TC, TG, HDL, and LDL were determined by enzymatic procedures.
Biochemical analysis
To determine the circulating levels of plasma visfatin, serum TNF-α and IL-6, mice plasma, and serum were prepared and then analyzed using an enzyme-linked immunosorbent assay (ELISA) method according to the operating instructions of visfatin ELISA kit, TNF-α ELISA kit, and IL-6 ELISA kit.
Plasma OxLDL was analyzed using ELISA kits as a marker of oxidative stress. The activities of GSH-Px and SOD and the contents of MDA were assayed by a commercial colorimetric assay kit.
Western blotting
The mice aortas were lysed in a lysis buffer containing 50 mM Tris (pH=7.4), 150 mM NaCl, 1 % NP-40, and 1 mM PMSF for 30 min on ice. After centrifugation at 12,000g for 15 min at 4°C, the supernatants were collected as total proteins in the aortas. The protein concentrations were also determined with a BCA assay kit. Aliquots (50 μg) of protein samples were separated on 10 % SDS-PAGE and electro-transferred to polyvinylidene fluoride membranes (PVDF, Millipore, Bedford, MA). The PVDF membranes were incubated with Rabbit antihuman visfatin overnight at 4°C after being blocked with 5 % nonfat milk, and then subjected to Goat anti-rabbit IgG antibody for 1 h at 37°C. The protein bands were detected with an enhanced chemiluminescence system (ECL, CST) on Kodak 2000MM. Densitometric analysis was conducted by Molecular Imaging Software Version 4.0. Actin proteins were detected as a control.
BALF analysis
Bronchoalveolar lavage fluid (BALF) was used to assess pulmonary inflammation response and oxidative stress. After the collection of blood samples, the lung and trachea were exposed by dissection, and the left lung was temporarily clamped. The right lung was lavaged with 6 ml of warm normal saline, the recovered BALF were centrifuged at 400×g for 10 min, and the collected supernatant was analyzed for IL-6, TNF-α, OxLDL, SOD, GSH-Px, and MDA by ELISA assay. Each sample was tested in duplicate.
Plaque area quantification
The aortic tree was perfusion-fixed at a constant, nearphysiological pressure via a cannula inserted in the right ventricle, allowing unrestricted efflux from an incision in the left atrium. Blood was removed by perfusion with 25 ml of phosphate-buffered saline (PBS, 10 Mm, pH=7.4) followed by 40 ml of 4 % buffered paraformaldehyde (pH=7.4) to obtain an initial fixation. The aorta was harvested and fixed in 10 % zinc-formalin embedded in paraffin and crosssectioned at 5 μm for hematoxylin and eosin (H&E) staining. Atherosclerotic lesions in the aortic root were examined at three locations and each was separated by 80 μm; three serial sections were prepared from each location. All images were captured with a camera and analyzed using ImageJ software (National Institutes of Health) to quantify the area of the atherosclerosis lesions.
Immunohistochemistry
To identify the distribution of visfatin in the atherosclerotic plaques, we measured its levels in the atherosclerotic lesions. After antigen retrieval for 10 min by boiling in 0.01 M sodium citrate, deparaffinized sections were quenched in 0.3 % hydrogen peroxide for 30 min and incubated in 1 % BSA in PBS for 30 min. Sections were incubated with rabbit antihuman visfatin (10 ng/ml) overnight at 4°C. Samples were detected with biotinylated goat anti-rabbit IgG diluted 1:1,000 for 30 min, washed, followed by streptavidin peroxidase for 30 min, and color visualized using 3, 3′-diaminobenzidine (DAB) for brown color. The sections were counterstained with hematoxylin and examined by light microscopy.
Statistical analysis SPSS 13.0 was used for data analysis. Data are presented as mean ± SD. A student's T test was used for comparing the two groups, and one-way analysis of variance was used for more than two groups. P < 0.05 was considered statistically significant.
Results
Animal subjects
There were no baseline differences in weight between the two groups at the beginning of the exposure. At the time of sacrifice, weight increased in all mice compared with the baseline (Table 1) .
Concentrations of PM 2.5 and PM 10 During the exposure, the daily PM 2.5 concentrations (mean ± SD) in the FA chamber and the PM chamber were 19.2±11.7 and 63.1±67.4 μg/m 3 , respectively, and the daily PM 10 concentration in the PM chamber was 100.3±71.2 μg/m 3 . The concentration of PM 10 in the FA chamber was close to that of PM 2.5 due to the utilization of a HEPA filter by which most particles (>98 %) with an aerodynamic diameter larger than 2.5 μm were filtered and removed before entering the FA chamber. In our study, we found that the PM 2.5 concentration in the PM chamber was much higher than the National Ambient Air Quality Standards (NAAQS, 2012) set by the US Environmental Protection Agency (EPA) (35 μg/m 3 for 24 h mean) and the Global Air Quality Guidelines set by the World Health Organization in 2005 (25 μg/m 3 for 24 h mean).
Source apportionment analysis
In the present paper, we used CMB to identify potential sources of PM 2.5 using metal and organic tracers. The CMB model identified seven sources for PM 2.5 exposure samples and explained about 80 % of the total mass of PM 2.5 (Fig. 1) . Among the estimated seven sources, gasoline vehicles (38.7 %) and coal burning (25.1 %) emissions accounted for almost two thirds of the total mass concentration of PM 2.5 .
Lipid metabolism
After 2 months of PM exposure, the levels of serum lipids such as TC and LDL increased significantly more in mice exposed to PM than in the FA group, while PM exposure did not alter TG and HDL levels compared with the FA group (Table 1) .
PM exposure upregulated the expression of visfatin
To analyze visfatin expression in a mouse atherosclerosis model, we determined its level in both plasma and atherosclerotic lesions by ELISA, immunohistochemistry, and Western blotting assay, respectively. We found that both plasma visfatin levels and visfatin protein in the aorta in the PM group were much higher than in the FA group. The plasma visfatin level in the PM group was almost 1.93 times that in the FA group (Fig. 2a) . Western blotting assay showed that the protein level of visfatin in the aorta of the PM group was almost 1.91 times that of the FA group (Fig. 2c) . Visfatin measured in the aorta by immunohistochemical staining showed that significantly more visfatin was detected from mice exposed to PM compared with the FA mice (Fig. 2d, e) . These results indicate that ambient PM PM exposure accelerated the progression of atherosclerosis
We measured plaque area using cross-sectional slices of the ascending aorta to evaluate the progression of atherosclerosis. Representative H&E stained cross-sections were shown (Fig. 3a, b) . At all locations of the ascending aorta, PM mice had a significantly larger lesion area than that of FA mice, and plaque was observed predominantly in the intimal and medial areas of the arterial wall and less so in the adventitial layers (Fig. 3c) .
PM exposure activated systemic inflammation and pulmonary inflammation
We assessed TNF-α and IL-6 in both serum and BALF in order to define the systemic inflammation and pulmonary inflammation responses, respectively. We found that both TNF-α and IL-6 in serum of the PM group was significantly higher than in that of the FA group (Fig. 4a) . We also found a significant increase in TNF-α and IL-6 levels in BALF of the Fig. 1 The source apportionments of PM 2.5 . Gasoline vehicles and coal burning emissions were the two major resources of PM 2.5 Fig. 2 Visfatin expression after 2 months of FA and PM inhalation. a Plasma levels of visfatin in ApoE −/− mice were determined by ELISA (n=10). *P<0.05 vs FA group. b The protein expression of visfatin in mice aorta was determined by Western blot analysis. c Protein bands of visfatin and actin were quantified by Molecular Imaging Software (n=3). *P<0.05 vs FA group. d Representative image of immunohistochemistry for visfatin in mice aorta from FA group. e Representative image of immunohistochemistry for visfatin in mice aorta from PM group. Increased visfatin staining (brown) is shown in PM-exposed mice compared to FA-exposed mice (magnification ×200) PM group, which indicated persistent inflammation induced by PM exposure (Fig. 4b) .
PM exposure-induced oxidative stress Oxidative stress has been regarded as a common pathogenic mechanism in atherosclerosis. Plasma and BALF OxLDL levels increased significantly more in mice exposed to PM than in the FA group (Fig. 5a, d ). The contents of MDA in plasma and BALF increased significantly in PM-exposed mice compared to FA-exposed mice (Fig. 5c, f) , while SOD and GSH-Px activities in plasma and BALF were reduced in PM-exposed mice compared to FA-exposed mice (Fig. 5b, e) .
Discussion
This study is the first to investigate the association between untreated Beijing ambient air exposure and regulating visfatin expression in the development of atherosclerosis in ApoE −/− mice. The results of the study can be used to explain the longterm impact of PM exposure on susceptible human populations. Our data indicate that long-term PM exposure correlates with the progression of atherosclerosis, which is important in explaining how ambient PM contributes to CVD.
Visfatin, previously defined as PBEF, is a 52-kDa cytokine expressed and secreted by lymphocytes (Samal et al. 1994) . Visfatin is also called Nampt because of its functional and biochemical homology with nicotinamide adenine dinucleotide (NAD) biosynthesis from nicotinamide (Rongvaux et al. 2002) . The first report of visfatin being an adipokine and preferentially produced by visceral adipose tissue indicated that visfatin activated the insulin receptor in 2005 (Fukuhara et al. 2005) . However, the expectation initially arose by the novel adipokine was soon blunted when the authors had to retract their paper due to the lack of reproducibility of the (Fukuhara et al. 2007) . Although the exact role of visfatin in the development of atherosclerosis remains to be elucidated, a critical role in pathobiology is suggested by its high degree of conservation throughout evolution. Visfatin appears to play an important role as a cytokine secreted extracellularly in response to inflammatory stimuli such as TNF-α, IL-1β, and IL-6 (Moschen et al. 2007 ). Visfatin expression is increased by plaque macrophages in patients with unstable carotid and coronary atherosclerosis (Dahl et al. 2007 ). Our research group have recently reported that visfatin promotes lipid accumulation mainly through excessive cholesterol uptake in RAW264.7 macrophages and in peritoneal macrophages isolated from ApoE −/− mice and accelerates the process of atherosclerosis mainly through modulating the expression of the macrophage scavenger receptor class A (SR-A) and CD36 (Zhou et al. 2013) . Visfatin effects on cytokine and chemokine secretion, macrophage survival, vascular smooth muscle inflammation, and plaque destabilization make of this adipokine an active factor in the development of atherosclerosis. However, the effect of PM exposure and its possible mechanism involved in visfatin expression in the development and progression of atherosclerosis remained elusive. In this study, we found that exposure to Beijing ambient PM resulted in upregulation of visfatin levels in both plasma and atherosclerotic lesions, and these data suggest that visfatin would play an important role in atherogenesis during PM exposure. Further prospective studies will be necessary to clarify this issue because we did not assess clinical outcomes in the present study. The most prominent hypothesis on the mechanism relating air pollution to cardiorespiratory mortality and morbidity has been that air pollutants, especially fine and ultrafine particles, provoke pulmonary inflammation, largely by induction of oxidative stress. This oxidative stress then may lead to increased blood coagulability and systemic inflammation over a matter of hours to days (Seaton et al. 1999; Watt et al. 1995) . The current theory of the oxidative modification hypothesis states that LDL becomes oxidized in the arterial wall where it then lends itself to cellular uptake and foam cell formation. It is said that SOD and GSH-Px are the two key antioxidant enzymes in the body, which help free radicals to react with other chemicals to produce safe instead of toxic substances (Perez et al. 2013) , and that MDA, a marker of lipid peroxidation and oxidative stress, damages cells and tissues. Research has demonstrated that inflammation and oxidative stress initiated by reactive oxygen species (ROS) within affected cells were involved in adverse effects on animals (Romieu et al. 2008) . PM can generate ROS both directly and indirectly; PM incubation has been suggested to activate ROS-generating pathways in both pulmonary and vascular tissues (Barregard et al. 2006; Li et al. 2006) . Plasma OxLDL was used as the biomarker of early atherosclerosis and it was associated with chronic exposure to air pollution (Jacobs et al. 2011) . OxLDL-induced endothelial damage, monocyte adhesion, platelet aggregation, and inhibited apoptosis and endothelial nitric oxide synthase (eNOS) expression/activity, all of which contributed to atherosclerotic process (Li and Mehta 2003) . Our findings of a significant reduction of SOD and GSH-Px and an increase of OxLDL and MDA levels in plasma and BALF of PM-exposed mice suggest that PM is vital to oxidative stress. Interactions between PM exposure and oxidative stress may therefore be crucial to the effects observed in our study, and such interactions may help to explain effects of PM-related morbidity and mortality in a susceptible population.
It is possible that an inflammatory response in the lung (cells and circulating mediators) may result in activation of inflammatory cascades in the vessel wall and potentiation of atherogenesis. Numerous inflammatory mediators that are released from lung cells after exposure to PM may spread to general circulation, where they can plausibly modulate systemic effects. Several inflammatory cytokines, such as interferon-γ, TNF-α, IL-1β, and IL-6, have been shown to be increased in circulating blood, as well as in bronchial fluid after PM inhalation in both human and animal studies (Hartz et al. 2008; Mutlu et al. 2011; Tornqvist et al. 2007 ). PMinduced vascular inflammation may have adverse effects also on metabolic pathways. Mice exposed long-term to PM 2.5 exhibited marked whole body insulin resistance, increased visceral adiposity and visceral adipose inflammation concomitant with vascular relaxation abnormalities, and enhanced monocyte adhesion to microcirculatory beds (Sun et al. 2009 ). Ultrafine PM may directly enter cells via nonphagocytic pathways and then impair organelles (such as mitochondria) because of their nanoscale size (Moller et al. 2010; Muhlfeld et al. 2008) . Mitochondrial DNA copy number (MtDNAcn), as a marker of mitochondrial damage and malfunctioning, was negatively associated with increased exposure to elemental carbon during work hours and recent ambient PM 10 exposure (Hou et al. 2013) . Larger PM enters the cells by phagocytosis through interactions with innate immunity receptors, such as macrophage receptor with scavenger receptors or collagenous structure (Moller et al. 2010; Muhlfeld et al. 2008) . Moreover, acute exposure of coarse PM has been shown to directly trigger inflammation by binding to toll-like receptor (TLR) 2 and 4, and PM 2.5 can drive a Th-2-biased immune response (Zhao et al. 2012) .
Although the findings of this study could give new insights to the understanding of the increase in cardiopulmonary morbidity and mortality in association with PM exposure, other mechanisms still play important roles in PM-induced atherogenesis, such as human bronchial cell cycle alteration and NO-mediated endothelial dysfunction (Cachon et al. 2014; Krishnan et al. 2012) . Further studies are needed to explore the mechanism from increased visfatin induced by PM exposure.
Conclusions
In summary, our findings show that inhalation exposure to Beijing ambient PM results in upregulation of the potential inflammatory mediator, visfatin. The effect of enhanced atherogenic response in ApoE −/− mice could be linked to its ability to generate inflammation and oxidative stress. In this study, we decided to use non-concentrated real-world ambient PM instead of concentrated PM to reveal that real ambient PM exposure has a strong proatherogenic effect. Our findings provide a potential biological basis for the association between atherosclerosis-related events and prospective population cohort studies. As atherosclerosis is the primary underlying pathological determinant of the onset of acute myocardial infarction (AMI) and stroke, mechanisms that drive upregulation of visfatin, in response to PM exposure, require further investigation and clarification to determine effective prevention and treatment options.
